emitting diodes investigated in this paper, but also for many other optoelectronic and electronic applications. In particular, we have epitaxially grown a GeSn/SiGeSn multi quantum well (MQW) heterostructure, which employs SiGeSn as barrier material to efficiently confine carriers in GeSn wells. Strong room temperature light emission from fabricated light emitting diodes proves the high potential of this heterostructure approach.
Introduction
Merging the successful Si technology with photonic systems promises a dramatically reduced power consumption for future IC electronics. In particular, silicon (Si) photonics, due to its excellent compatibility with Si complementary metal oxide semiconductor (CMOS) technology, is the prime candidate for realizing electronic photonic integrated circuits (EPICs) [1, 2] . Many optoelectronic components, such as photodetectors [3] , photonic bandgap optical fibers [4] , optical modulators [5] or even electronic-photonic systems, integrating hundreds of passive photonic components with state-of-the-art electronics [6] , are already available based on group IV semiconductors. While integration of III-V materials show promising results [7, 8] , a Si-based efficient electrically pumped light source would be the final missing ingredient for the fabrication of all included EPICs on this platform. To overcome the obstacle of the indirect bandgap in elemental Si or Ge, substitutional incorporation of Sn into the Ge lattice has been investigated both theoretically [9] [10] [11] and experimentally [12] [13] [14] . Recent advances in both Sn incorporation and strain engineering has led to the proof of fundamental direct bandgap in GeSn binary alloys [15, 16] , as well as the demonstration of lasing at low temperatures. [16, 17] Present research on Si-compatible light emitters is based on the above mentioned breakthroughs, including the investigation of heterostructures, such as double heterostructures [18] (DHS) or multi quantum wells [19] (MQW), suitable for carrier confinement in GeSn active optical material. A natural candidate material for claddings or barriers in DHS or MQW, are group IV ternary SiGeSn alloys [20, 21] . Compared to GeSn, the additional degree of freedom offered by the introduction of Si allows independent tuning of lattice constant and bandgap energy [22] . In particular, appropriate combinations of Si and Sn contents, together with strain engineering, will yield SiGeSn ternary alloys with a direct bandgap [1] . Driven by photonic applications, strong efforts have been made investigating the epitaxial growth of SiGeSn alloys in recent years [23] [24] [25] . A multitude of applications of this material in nanoelectronic [26] , optoelectronic [27] or photovoltaic applications [28] is foreseen.
Despite the large potential of these materials, such ternaries still pose many challenges, both in fabrication and theoretical. One of the main difficulties concerning epitaxy and processing of Sn-containing group IV alloys arises from their poor thermodynamic stability. The low (< 1 at.%) solid solubility of Sn in Ge [29] requires the use of very low growth temperatures (below about 400°C [12] ), limiting the thermal budget for future device processing [30] . However, the incorporation of Si atoms in GeSn to form ternaries is believed to enhance thermal stability, making them more robust and suitable for device applications, compared to their binary counterparts [31] . From a theoretical point of view, calculation of SiGeSn band structures and alignments relies, amongst others, on bowing parameters for direct and indirect bandgaps, with a wide variation of values reported in different studies [32, 33] .
In this contribution, we present the epitaxial growth and optical properties of SiGeSn alloys with Si and Sn concentrations both up to about 14 at.%, aiming for electrically-driven light emitting devices. The crystalline quality of the epitaxial layers is confirmed by techniques such as Rutherford Backscattering Spectrometry (RBS) or cross-sectional Transmission Electron Microscopy (XTEM). Tailoring Si and Sn concentration in the alloy enables band structure engineering, leading to light absorption and emission energy tunability from ~0.5 eV (as in the demonstrated GeSn laser in Ref. [16] ) up to ~0.8 eV (like elemental Ge emission), as indicated by photoluminescence (PL) and reflectance measurements, respectively. Strain relaxation in ternaries, as evidenced by X-ray diffraction (XRD), allows their use as strain relaxed buffers (SRB) to tune the stress in subsequently grown device heterostructures, in order to improve the -L valley separation. Finally, we combine SiGeSn ternaries with active GeSn layers to epitaxially grow GeSn/SiGeSn MQW LEDs and investigate their structural and light emitting properties.
Results

Film growth and layer strain relaxation
The growth temperature dependence of Si and Sn incorporation was studied on coherently grown ternaries on Ge-VS. For fixed partial pressures of p(Ge2H6) = 54 Pa, p(Si2H6) = 68 Pa and p(SnCl4) = 0.6 Pa, a strong opposite dependency of Si and Sn incorporation on growth temperature is observed, as shown in Figure 1(a) . Similar to the epitaxy of binary GeSn alloys [12] , a strong increase of Sn concentration, ranging from 5 at.% up to 12 at.% is observed when the growth temperature is lowered from 425°C down to 340°C. One explanation for such behavior originates from temperature-induced reduction of the Sn segregation length [34] .
Epitaxy of alloys well above the equilibrium solubility limit leads to phase separation via outdiffusion of Sn from the layer. However, diffusion can be effectively suppressed by temperature reduction, as long as high growth rates (ranging between 10-50 nm min -1 at 340-400°C) are provided. A reverse incorporation effect, an increase at elevated temperatures, is observed for Si atoms.
This behavior can be understood considering the binding energies of the different precursors, 3.20 eV [35] for disilane, compared to 2.87 eV [35] for digermane. Therefore, the Si precursor's cracking efficiency is much stronger impaired at lower temperatures and the resulting smaller number of SiHx radicals on the wafer surface ultimately leads to a decreased number of incorporated Si atoms in the lattice. Additionally, surface reactions may play an important role during epilayer growth. Complex chemical reactions on the wafer surface between the hydride radicals and the chlorine-containing Sn precursor, not yet fully understood, may supply additional heat, allowing Si incorporation at such low temperatures in the first place. Thus, slight parameter variations can lead to strong changes in surface kinetics and, therefore, in the resulting layer properties. This behavior can also be observed by tuning the supply of disilane during growth at constant growth temperature. Starting from binary GeSn, increasing the disilane flow up to 30 sccm raises the Si incorporation to about 8 at.%, as illustrated in Figure   1 (c). At the same time, the Sn concentration is lifted, here from 4 to about 8 at.%, as previously observed in SiGeSn epitaxy [24] .
Regardless of growth conditions, all epitaxial SiGeSn layers show a very high atom substitutionality, as indicated in Figure 1 (b). A very small minimum channeling yield min below 7 % is obtained for all samples. Therefore, we may conclude that even for highest Sn concentrations (low growth temperatures), and for highest Si contents (high growth temperatures), the Sn atoms do not occupy interstitial sites or form precipitates in the bulk. Tuning the Si/Sn ratio in the ternary, e.g. by varying the growth temperature, enables a wide tuning range of biaxial strain in the alloy. Large biaxial compressive strains of about -1.56 % are measured for small Si/Sn ratios, such as the one shown in Figure 2 To further investigate strain relaxation in the ternaries, a set of samples was grown using nominally the same recipe with only differing growth times, leading to ternaries with a Si/Sn incorporation of about 5/11 at.% and varying thicknesses up to about 360 nm. Figure 2 connecting the ends of strain-relieving misfit segments formed at the interface, are observed to penetrate into the Ge-VS (marked by white arrows in Figure 2 (e)). A similar behavior, in which the buffer actively participates in the strain relaxation mechanism, has already been noticed for GeSn binaries grown at low temperatures on Ge-VS in the same reactor [12] . The absence of extended defects in the SiGeSn layer, like threading dislocations or stacking faults, is especially beneficial for opto-and nanoelectronic applications, since e.g. threading dislocations are known to form midgap trap states [36] , thus seriously influencing device performance.
Optical Characterization
The influence of both, the alloy composition as well as compressive strain, on electronic band structure can be quantified by investigating the change of absorption and emission properties.
The position of the strong absorption edge, associated with the direct bandgap in the material, is evidenced by spectral reflectometry. Three sets of SiGeSn alloys are presented here and given in Table 1 In the first case, the reflection spectra show only a strong absorption edge near 0.80 eV, same as for the underlying Ge-VS. In these thin layers, especially with high Si contents, the direct bandgap is close to or above the value of the Ge-VS bandgap, thus reflection measurements for As discussed in the introduction, band structure calculations require the knowledge of the binaries' bowing parameters, for example, for precise determination of the -valley position: SiGe and GeSn are quite well agreed on in the literature, values for strongly diverge, between 2 eV, based on ellipsometry [37] and 29 eV, determined by photoluminescence [33] .
Here, we report on room temperature PL emission for three SiGeSn alloys with different stoichiometry and comparable thicknesses of about 200 nm, depicted in Figure 4(a) . Details on the samples can be also found in Table 1 . Light emission is attributed to direct band-to-band terms may have to be added to Eq.(1). Similar compositional dependence of the direct bandgap was found for example also in InGaN [38] or GaSbN [39] ternaries. In Figure 4 (b) we also included , extracted from Ref. [31] and [33] . Temperature dependent PL spectra of a partially relaxed ternary with 4/13 at.% Si/Sn (see Fig 5(d) , comparing the integrated PL emission of two ternaries with those of two previously investigated binaries [16] . Fitting a joint density of states (JDOS) model, differences between L and -valley of 25 meV and -10 meV were obtained for 12.6 at.% and 9.6 at.% GeSn samples, respectively. The SiGeSn sample with 6/11 at.% Si/Sn shows only a continuous PL decline, vanishing below 100 K, characteristic for indirect bandgap semiconductors [16] . On the other hand, the integrated intensity trend for the ternary alloy with 4/13 at.% Si/Sn lies exactly in between those of the two GeSn binaries. Assuming the same parameters as for GeSn, the JDOS model yields a valley difference of 10 meV for this sample.
However, deviations in the low-temperature regime indicate different non-radiative recombination times, which has to be clarified by additional data. Nevertheless, bandstructure calculations using = 19.2 (see Figure 4 (b)) also predict a direct bandgap semiconductor, however, with a -valley about 40 meV below the L-valley, apparently overestimating the directness of the alloy. The prospect of a direct bandgap SiGeSn alloy demonstrates the possibility of ternary-based group IV light emitters, also allowing the extension of the available optical range to shorter wavelengths in the infrared range.
MQW heterostructure light emitters
By combining all important components, we subsequently demonstrate the potential of those SiGeSn ternaries by implementing them in a more advanced growth scheme for light emitting diodes. From previous theoretical and experimental findings, bulk germanium is known to provide only small band discontinuities in GeSn/Ge multi quantum well diodes [19] . SiGeSn (instead of Ge) was proposed as a more ideal barrier material in such light emitters, however, no experimental proof is available to date in literature. We have, therefore, implemented
SiGeSn as barrier material, embedding GeSn active layers, to favor efficient light emission in the resulting device. A schematic overview on the grown heterostructure is shown in Figure 6 Herein, the MQW is resolved by the oscillation in Si content. The higher Sn content in the barrier region is a consequence of a non-optimized growth scheme. Feeding disilane into the reactor during GeSn epitaxy, while leaving all other growth parameters constant, leads, in addition to Si incorporation, to a slight increase of the Sn content [24] . This effect has to be taken into account in more complex growth schemes for future CVD-grown heterostructures to improve carrier confinement in the device. Another important feature, which can be seen from the SIMS depth profiling, is the in-situ doping of the p-and n-type doped hole and electron injection layers. To keep the dopants away from the active layer, and thus, reduce additional free carrier absorption, in-situ doping of the bottom contact was stopped approximately 60 nm below the first barrier. Furthermore, the MQW is designed in such way that the outer barriers, enclosing the active region, exhibit slightly higher thicknesses of about 21 nm. Hence, the grown heterostructure features all the required building blocks for an efficient group IV light emitting device.
To prove its suitability for light emission, circular LEDs were fabricated, following the process flow from reference [19] . The current-voltage characteristics, provided in the inset of Figure 7 (c), depict a diode like behavior of the device with distinct forward-and reverse-bias regimes. As shown in Figure 7 (c), strong room temperature electroluminescence at around 2.3 m (539 meV) is detected for current densities as low as 31 A cm -2 , comparable to state-of-the-art GeSnbased light emitting diodes [18, 19] . Light emission is strongly increased in comparison to similar MQW devices with Ge barriers [19] , which we attribute to an improved carrier confinement, highlighting the potential of using SiGeSn in heterostructure light emitters. Extensive further optical characterization and analysis of the MQW devices are reported elsewhere [40] .
Conclusion
In this contribution, we discussed the epitaxy of SiGeSn ternaries tailored for optoelectronic applications. The interplay between growth temperature and cracking efficiency of different 
Experimental Section
Thin Film Deposition:
The investigated SiGeSn layers were grown on 200 mm wafers using reactive gas source epitaxy in an industry-compatible reactor with showerhead gas delivery design, which assures a homogeneous precursor distribution on top of the wafer. To minimize the large lattice mismatch between Si, Ge and -Sn, growth is performed on top of 2.5 m thick, cyclically annealed Ge virtual substrates (Ge-VS), which were produced beforehand in another reactor on standard Si(100) wafers [41] . Commercially available low temperature cracking precursor gases, as disilane (Si2H6), digermane (Ge2H6) and tin tetrachloride (SnCl4), ensure high growth rates of about 10 nm min -1 at temperatures as low as 340°C, mandatory for suppressing quality degradation by Sn surface segregation and bulk precipitates. Additionally, the liquid SnCl4 precursor requires the use of a bubbler source for vaporization before injecting it into the gas mixing system.
To form carrier injection layers in GeSn/SiGeSn heterostructures, in-situ doping of the cladding layers using gaseous phosphine (PH3) and diborane (B2H6) was performed, to avoid ion implantation-induced damage. All gases are supplied into the chamber using nitrogen as carrier gas, leading to a total gas flow of only a few standard liter per minute (slm). Prior to growth, the native oxide is removed ex-situ in a fully automated single-wafer cleaning tool based on HF vapor chemistry. Additionally, an in-situ hydrogen bake is performed at a temperature of about 850°C, ensuring a contaminant-free wafer surface fit for epitaxy.
Layer characterization:
Layer thickness, stoichiometry and crystalline quality were extracted from RBS measurements using 1.4 MeV He + ions, while the data were analyzed by the RUMP simulation software.
Comparing channeling measurements, performed on samples aligned along the (001) crystallographic direction with arbitrarily aligned (random) RBS measurements, allows determination of the minimum channeling yield, min. This ratio between channeling and random spectra, taken directly behind the surface peak, is a measure of the substitutionality in the alloy and thus provides information on the layer's crystalline quality. The latter, as well as the overall layer morphology are further investigated by XTEM, using a Tecnai G2 TF20 S-TWIN system.
Tetragonal lattice distortions by biaxial tensile or compressive strain sensitively influence the electronic band structure of the alloy. These deviations from the cubic crystal lattice are evaluated by X-ray diffraction reciprocal space mapping (XRD-RSM) around the asymmetric (224) reflection, employing a Bruker D8 high-resolution diffractometer and the K line of Cu (1.54 Å).
The absorption properties of the grown ternaries were investigated in a Bruker VERTEX 80 V FTIR spectrometer system. Halogen and Globar SiC lamps were used as near-and mid-infrared light sources, respectively, while absorption spectra were acquired by a liquid nitrogen cooled HgCdTe detector. For optimal light collection, the samples were positioned inside an integrating sphere on a reflecting sample holder, both coated with gold.
Temperature dependent photoluminescence measurements were performed using a continuouswave solid-state laser with an excitation wavelength of 532 nm and an output power of about 2 mW. Emitted PL was detected by a nitrogen-cooled InSb detector, offering a detection range as low as 0.27 eV. The same detector type was also used for collecting electroluminescence (EL) of fabricated LEDs, which were excited by a voltage source with a repetition rate of ~2 kHz and a duty cycle of 50 %.
